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Abstract 

Monolayer spontaneous curvatures for cholesterol, DOPE, POPE, DOPC, DPPC, DSPC, POPC, 
SOPC, and egg sphingomyelin were obtained using small-angle X-ray scattering (SAXS) on 
inverted hexagonal phases (Hjj). Spontaneous curvatures of bilayer forming lipids were estimated 
by adding controlled amounts to a Hn forming template following previously established 
protocols. Spontaneous curvatures of both phosphatidylethanolamines and cholesterol were found 
to be at least a factor of two more negative than those of phosphatidylcholines, whose Jq values 
are closer to zero. Interestingly, a significant positive Jq value was retrieved for DPPC. We further 
determined the temperature dependence of the spontaneous curvatures Jq(T) in the range from 15 
to 55 °C, resulting in a quite narrow distribution of -1 to -3 x 10 -3 (nm °C) _1 for most 
investigated lipids. The data allowed us to estimate the monolayer spontaneous curvatures of 
ternary lipid mixtures showing liquid ordered/liquid disordered phase coexistence. We report 
spontaneous curvature phase diagrams for DSPC/DOPC/Chol, DPPC/DOPC/Chol and SM/POPC/ 
Choi and discuss effects on protein insertion and line tension. 



1 Introduction 

Curvature is an essential ingredient in a cell's life and occurs most visibly during membrane 
fusion and fission processes, e.g. exocytosis and endocytosis, or when a cell is attacked by 
an enveloped virus. 1 Such events may be induced by proteins, but are also known to depend 
strongly on the molecular properties of the constituent membrane lipids. 2 For instance 
membrane fusion can take place in the absence of proteins. 3 Lipid-driven membrane 
curvature may result e.g. from unequally distributed lipids of the same type in the opposing 
membrane leaflets or from asymmetric distributions of lipids with different molecular 
shapes due to their different intrinsic curvatures. 4 " 9 

In general, lipids with molecular shapes different from cylinders will form monolayers that 
either curve away or towards the polar/apolar interface. 10 In planar membranes, however, 
such monolayers are forced into a flat topology, where they lie back-to-back - in order to 
avoid energetically unfavorable voids - leading to significant curvature elastic stress that is 
stored within the membrane. This elastic stress may have several functional consequences 
for membranes and can be viewed as a hidden dimension of membrane curvature. Of 
particular interest is the role of intrinsic/spontaneous curvature in coupling to protein 
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function 11 " 18 and in determining the line tension of lipid domains mimicking membrane 
rafts. 19 - 20 

As per definition the spontaneous curvature Jq = 0 for cylindrically formed lipids, Jq < 0 for 
lipids with tail regions of bigger lateral cross-section than the headgroups and vice versa for 
Jq > 0. For example, lipids with a negative spontaneous curvature are prone to form non- 
planar structures like inverted hexagonal phases Hjj. More precisely the radius of curvature 
of an unstressed monolayer at its neutral plane equals 1/7q- 21 ' 22 The neutral plane is defined 
as the position at which bending and stretching modes are decoupled, i.e. bending and 
stretching deformations proceed independently from each other. 23 A second, frequently 
quoted surface within the monolayer of amphiphiles is the pivotal plane, which occurs 
where the molecular area does not change upon deformation. Pioneered by the groups of 
Rand and Gruner during the late 80s and the 90s, the position of this surface and 
consequently the spontaneous curvature at the pivotal plane 7op have been determined to 
high accuracy for a couple of membrane lipids, 21,24 " 30 for review see ref. 31. The basic idea 
of these experiments is to use phases, where the lipid monolayers expose their intrinsic 
curvature within the individual rods and to determine the pivotal plane by bending and 
compressing the rods either by gravimetric dehydration or application of osmotic pressure, 
while measuring the crystalline lattice via X-ray scattering. For a limited number of lipids 
the neutral plane has been estimated from the pivotal surface using area compressibility and 
bending rigidity data. 21,23 ' 32 

In the present work we determine Jq under stress-free conditions by locating the neutral 
plane from electron density maps of Hjj phases. In particular we focus on spontaneous 
curvature data of lipids which are involved in the formation of membrane rafts. Such data 
are especially of need for calculating protein partitioning in diverse lipid environments 11 " 18 
or to estimate the line -tension of lipid domains. 19,20 Additionally, the temperature 
dependence of spontaneous curvature is still barely investigated. We intend to bridge this 
gap by determining J 0 for cholesterol, DOPC, DPPC, DSPC, POPC, SOPC and egg 
sphingomyelin within a DOPE matrix from 15 to 55 °C and for POPE at 37 and 55 °C. 



2 Materials and methods 

2.1 Sample preparation 

Cholesterol (Choi), l,2-dioleoyl-sw-,g/ycero-3-phosphocholine (DOPC), 1,2-dioleoyl-in- 
g/ycero-3-phosphoethanolamine (DOPE), l,2-dipalmitoyK?n-g/;ycero-3-phosphocholine 
(DPPC), l,2-distearoyl-sw-g/ycero-3-phosphocholine (DSPC), 1 -palmitoyl-2-oleoyl-sw- 
g/ycero-3-phosphocholine (POPC), l-stearoyl-2-oleoyl-sn-g/ycero-3-phosphocholine 
(SOPC), and chicken egg sphingomyelin (eggSM) were purchased from Avanti Polar 
Lipids, Inc., Alabaster, AL, USA and used without further purification. 9-c/s-Tricosene was 
obtained from Sigma- Aldrich, Austria. 

After weighing, lipids were dissolved in chloroform-methanol 2: 1 at a concentration of 10 
mg ml -1 . These lipid stock solutions were mixed in glass vials, 12 wt% tricosene was added 
and the organic solvent was evaporated under a gentle nitrogen stream. To remove the 
remaining solvent, the samples were placed in a vacuum overnight. 18 MSI cm -1 water 
(UHQ PS, USF Elga, Wycombe, UK) was added to 20 |il mg -1 lipid and the mixtures with 
repeated freeze-thaw cycles fully hydrated. The samples were then protected against 
oxidation with argon, the vials closed and taped, and stored at 4 °C for 6-7 days until the 
measurement. 
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2.2 X-ray measurements 

Small-angle X-ray scattering (SAXS) was performed at the Austrian SAXS beamline at 
ELETTRA, Trieste. 33,34 A mar300 Image Plate 2D detector from Marresearch, Norderstedt, 
Germany was used covering a g-range from 0.2-6.1 nm -1 and calibrated with silver- 
behenate (CH3(CH2)2()COOAg) with a of-spacing of 5.838 nm. 35 Sample temperatures were 
controlled with a bath thermostat from Huber, Offenburg, Germany to a precision of +0. 1 
°C. The samples were equilibrated for 10 min at given temperatures before exposure. The 
exposure time was set to 30 s. 

2.3 X-ray data analysis 

Image integration was performed with FIT2D 36 - 37 and cross-checked with MATLAB®. 38 
For further data analysis, homemade MATLAB scripts were used and their function verified 
with FIT2D, 39 IDL®, 40 and IGOR Pro®. 41 

Standard procedures were used to determine the lattice parameters and calculate electron- 
density maps of the Hjj (for further details, see SI of the ESI). In brief, we applied 
Lorentzians and additive linear background estimators to fit the Bragg peaks. Typically 5-7 
peaks were discernible in the patterns, although for higher temperatures and some samples 
only three or four peaks could be detected. This was considered in the uncertainty 
estimations. 

The lattice parameter a was determined via the reflection law, taking into account the 
information from all Lorentzians. Fourier synthesis yielded the electron density p (T 1 ) in 

real-space, with the phasing condition (h h + + + + -) known from the literature for 

DOPE-rich, fully hydrated Hjj phases. 42 " 44 Other phase combinations were tested, but 
yielded electron densities incompatible with the known structure. 

2.4 Spontaneous curvature estimation 

2.4.1 Finding the neutral plane — Instead of bending and compressing lipid monolayers 
with osmotic pressures to determine the position Rq = 1/Jq of the neutral plane, 21 we applied 
the following procedure, assuming that the neutral plane coincides with the glycerol 
backbone of phospholipids. This assumption is supported by bending/compression 
experiments, which always found the pivotal plane to be close to the glycerol backbone of 
lipid molecules, but slightly within the hydrocarbon region, 21,24 " 30 ' 44 ' 45 while the neutral 
plane was estimated to be closer to the backbone. 21,32 The proximity of both surfaces to the 
backbone can be rationalized by the high rigidity in this region. 22 In general, the positions of 
the neutral and pivotal planes differ by less than 10% and can even coincide when 
monolayers are bent in the absence of compression. 21,22 

We first locate the position /? p of the lipid headgroup by fitting a Gaussian to a radial section 
of the electron density map in a region of - 1 nm around the maximum value (see S 1 in the 
ESI for further details). Then, the neutral surface is simply given by Rq = R p + d^y, where 
o?Hl is the distance between the headgroup and the glycerol backbone. Using a joint 
refinement of X-ray and neutron data on lamellar phases, Kucerka and coworkers reported 
high-resolution structural data for a series of phospholipids. 46 " 49 The reported dm values 
range between 0.37 and 0.50 nm at temperatures from 20 to 50 °C. We apply the average of 
these values for our Rq calculations dm = (0.44 + 0.05) nm. To test the applicability of this 
procedure, we compare Jq = (-0.387 + 0.01 1) nm -1 retrieved from the present analysis for 
DOPE at 25 °C with Jq = (-0.367 + 0.010) nm -1 estimated from measurements of the 
pivotal surface. 21 A small difference is expected due to the presence of tricosene in the 
present experiments in order to reduce packing frustration (see Section 2.4.2) as compared to 
the measurements performed by Leikin et al. 
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We also attempted to derive Jq from the width a p of the Gaussian fitted to the headgroup 
region of the radial electron density profiles, i.e. Rq = R v + o p . However, the resolution of 
the electron density maps was too poor for some lipid mixtures, yielding a p > 0.7 nm and 
hence unrealistic locations of the glycerol backbone. 

2.4.2 Relaxation of hexagonal packing frustration — Stress free monolayers, which 
are necessary for measuring the monolayer spontaneous curvature Jq, are usually obtained 
by adding free alkanes or alkenes to inverted hexagonal phases Hjj. 26 ' 30 ' 50 ' 51 By taking up 
the interstitial spaces, they can reduce the frustration of packing circular objects in a 
hexagonal manner. This effect is impressively seen for POPE, which forms in the absence of 
any additive a Hn phase only above 74 °C. 52 Addition of tricosene reduced the frustration to 
such an amount that already at 37 °C the Hjj phase was preferred. The total tricosene content 
of all our samples was 12 wt%. The value was obtained from a test series of varying 
tricosene concentrations and is close to the 10 wt% used in ref. 45. 

2.4.3 Spontaneous curvature of bi layer-forming lipids — Because monolayer J 0 is 

not accessible in bilayers due to symmetry constraints, bilayer-forming lipids have to be 

incorporated into other structures, see Fig. 1. Usually Hjj phases (we use the Hjj forming 

lipid DOPE) are used as templates by mixing the lipid of interest ("guest") with a Hij- 

forming "host" lipid. 17.26,29,45,53 j on g as both lipids mix well, the guest lipid can be 

expected to modify the curvature of the mixture linearly with respect to its concentration 
v 54-57 

and extrapolation towards 100% gives the spontaneous curvature of the guest lipid. 21 A 
more sophisticated description of spontaneous curvature calculations for lipid mixtures has 
been reported. 58 However, the experimental determination of several model parameters in 
this theory remains unclear and experiments seem to contradict with these calculations. 59 

All bilayer-forming lipids were measured at concentrations of 10, 20, 30, 40 and 50 mol% in 
DOPE. The extrapolation according to eqn (1) was performed using all concentrations below 
a critical value x cr jt, at which: 

• immiscibility was directly observed because non-hexagonal Bragg peaks were 
visible, 

• eqn (1) did not obviously hold anymore, or 

• the lattice parameter a did not change smoothly with 

Entropic contributions get more pronounced at higher temperatures, which generally leads to 
improved miscibilities. Accordingly, we observed a monotonic increase of x cr j t with Tfor all 
samples. An example of the occurrence of non-hexagonal peaks is given in Fig. 2. 

Good miscibility was observed for Choi and all unsaturated lipids. For saturated lipids x C rit 
was not equally satisfactory, but improved above the melting transition of the guest lipid 
with the exception of eggSM, where only 10 mol% could be incorporated into the DOPE 
matrix at all temperatures. The number of useful data points (where x < Xcrit) is taken into 
account for determining the uncertainty of the resulting Jq. Extrapolation plots and x C rit (T) 
for all lipids are reported in S4 of the ESI. 

2.4.4 Temperature dependence — We performed synchrotron SAXS measurements at 
10 °C intervals from 15-55 °C for all lipids except POPE to quantify the spontaneous 



Soft Matter. Author manuscript; available in PMC 2014 March 24. 



Kollmitzer et al. 



Page 5 



curvature's temperature dependence Jq(T). The results could be well described within 
experimental errors by a straight line 

Jo (T) =k(T — T m ) + J 0 m (2) 



A J 0 (T) = \j (Ak) 2 (T - T m ) 2 + (A J 0 m ) 2 (3) 

where we introduced a mean temperature 7™ = 35 °C, the coefficient of thermal curvature 
change k, and Jo m the spontaneous curvature at 7™, while AX" denotes the uncertainty of the 
quantity X. POPE was measured at 37 and 55 °C. Note that POPE forms a Hjj phase at these 
temperatures only in the presence of an agent such as tricosene that relaxes the packing 
frustration. Fits of Jq(T) in comparison to literature data are plotted in S5 of the ESI. 

3 Results 

Choi, DOPC, DPPC, DSPC, POPC, SOPC and eggSM were mixed with DOPE and 
measured as detailed in the previous section. The pure lipids' monolayer spontaneous 
curvatures for each temperature were obtained by eqn (1) (data in S4 of the ESI). Linear fits 
of the temperature dependence of Jq yielded the values listed in Table 1 (fits in S5 of the 
ESI). By inserting these parameters in eqn (2) and (3), Jq and its uncertainty are readily 
available for any temperature from 15 to 55 °C. 

POPE was measured with 12 wt% tricosene and excess water at 37 and 55 °C in the absence 
of DOPE. The slope and offset of a straight line through the two points following eqn (2) 
with 7 111 = 37 °C are given in Table 1 . 

Fig. 3 compares our results for cholesterol with literature data.£ Although it seems like the 
literature data has a positive slope of Jq(T), this is probably a coincidence and due to the 
uncorrelated experiments in different lipid host systems. Generally, one would expect the 
chains to be more flexible and therefore also occupy more space at higher temperature, 
corresponding to a more negative spontaneous curvature. This behavior corresponds to k < 
0, which is the case for all lipids except for eggSM. This is most likely an artifact due to the 
limited miscibility of eggSM with DOPE. The limited miscibility also affected other 
saturated lipids leading to significant experimental uncertainties in k. The overall k varied in 
a quite narrow window from -1 to -3.5 x 10 -3 (nm °C) _1 , cf. Table 1, in good agreement 
with k = (-1.7 + 0.3) x 10~ 3 (nm °C) _1 , reported for DOPE at temperatures from 15 to 30 
°C. 27 

Interestingly, DPPC is the only bilayer-forming lipid with a significant positive Jq. DSPC, 
for example, with the same headgroup but longer chains has Jq = -0.1 nm -1 at 35 °C. Thus, 
the headgroup contribution to the molecular shape dominates the cross-sectional area and 
hence Jq of DPPC, whereas chain contributions dominate in the case of DSPC. Mismatch in 
lateral areas of heads and chains is known to cause chain tilt and the ripple phase for 
saturated phosphatidylcholines in a certain range of chain lengths. 60 Surprisingly, Jq — 0.1 
nm -1 also for eggSM, which similar to PCs has a choline moiety in the headgroup and is 
predominantly composed of the same hydrocarbons as DPPC. Here the sphingosine 
backbone of eggSM seems to make the difference by taking up more lateral space than the 



tReported values for J0p^,29 were rescaled to Jq using Jq ~ jQp(l + B), with B = 0.065 + 0.035 determined in ref. 21. Data reported 
by Boulgaropoulos et al. were additionally corrected from /op = -0.38 nm"' to -0.43 nm - ' prior to the scaling due to a flaw in 
their data analysis. 
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glycerol backbone of PCs. A detailed investigation of this effect is, however, beyond the 
scope of the present work. 

4 Discussion 

4.1 Monolayer spontaneous curvature of phase separated systems 

For known compositions, monolayer spontaneous curvatures of mixtures are readily 
computable by generalization of eqn (1) to more components, resulting in 

^0 miX = & J 0« (4) 



As already mentioned, miscibility is required for the linear additivity of spontaneous 
curvatures. We assume that this criterion is fulfilled within individual domains of a phase 
separated system, i.e. non-ideal mixing is not considered. Thus if the compositions of 
coexisting phases are known, eqn (4) can be applied to determine their spontaneous 
curvatures. In the case of non-ideal mixing, which may occur for example by a preferred 
location of lipids at the domain boundary, energetic contributions from lipid-lipid 
interactions and mixing entropies need to be considered (see e.g. ref. 58). However, this is 
beyond the scope of the present paper. 

Compositional phase diagrams including tielines have been published recently for ternary 
lipid mixtures exhibiting liquid disordered (L^/liquid ordered (L 0 ) phase coexistences. 61 " 63 
These mixtures are simple lipid-only models for membrane rafts, complex platforms which 
are thought to enable cellular communication and material transport. 64 We parameterized 
the proposed coexistence regions and tieline fields according to the method introduced by 
Smith and Freed 65 and slightly modified by Heberle et al., 62 whose notation we adopted. 
Briefly, a given phase coexistence region is approximated via a Bezier curve of degree five, 
while a single variable takes care of the tieline fanning. The parameter u G [0, 1] identifies a 
particular tieline, with the critical point (tieline of length 0) at u = 0 and the tieline farthest 
away from the critical point at u = 1 . More details on this parameterization and the explicit 
values can be found in S2 of the ESI. 

Fig. 4 compares the spontaneous curvatures for coexisting phases. The mixture POPC/ 
eggSM/Chol behaves as expected, i.e. due to the negative intrinsic curvature of cholesterol, 
the L Q phase, which contains about twice as much cholesterol as domains, exhibits a more 
negative Jq. Also DOPC/DSPC/Chol shows a similar behaviour, although the measurement 
uncertainty limits a clear distinction of the spontaneous curvatures of L D and L^. For DOPC/ 
DPPC/Chol, however, Jq of the liquid ordered phase at high values of u is less negative than 
for the L(j phase, and within the measurement uncertainty it could even be slightly positive. 
This results from a more positive Jq of DPPC as compared to DSPC with Jq — 0.1 run -1 
(Table 1). We note that the quantitative difference between monolayer spontaneous 
curvatures of L a and L<j depends on the exact location of the coexistence region and the 
tieline orientation, which both contain some uncertainties. 

It is instructive to consider the effects of these Jq differences on the insertion probability of 
simple membrane proteins. Barrel-like transmembrane proteins, which have a thicker cross- 
section at the center of the bilayer than near the bilayer-water interface, would generally 
prefer phases with positive spontaneous curvatures, where the effective lipid cross-section at 
the tail region is smaller than for the headgroup (Fig. 5). In the DOPC/DPPC/Chol case, this 
simple argument would mean that the L D phase is more attractive for such proteins. 
However, a lower-order expansion of the lateral pressure profile already reveals a 
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dependence of protein partitioning on further elastic parameters, specifically bending 
elasticities and Gaussian curvature moduli of L Q and 11,12 The literature suggests 
furthermore hydrophobic mismatch 66 and disturbance of lipid packing 67,68 as important 
factors for determining protein-insertion energies in membranes. The treatment of these 
effects is beyond the scope of the present work. 

4.2 Line tension calculation 

Another parameter that is affected by Jq is the line tension y between two coexisting phases, 
which influences the size and shape of domains. 69,70 Theory predicts an elastic contribution 
to y by the monolayer bending moduli, tilt moduli, and thickness difference of 
domains (y e \) and a second term yjq, which includes contributions from the spontaneous 
curvatures. 19 In the following paragraphs, we give results for the line tension of ternary and 
quaternary lipid mixtures and discuss the effect of Jq. Calculation details, lipid compositions 
of L Q and L<j phases, as well as elastic parameters are given in S3 of the ESI. It is important 
to note that Helfrich's definition of spontaneous curvature, 71 which has been applied for 
deriving yjQ in ref. 19, differs from the quantity Jq which we determine in the present work. 
However, in the case of linear bending behavior, or for small deviations from a flat 
monolayer, i.e. if the spontaneous curvature is much smaller than the inverse monolayer 
thickness h, the two values are approximately equal. 22 In S3 of the ESI, we show that indeed 
\Jq\ < \lh for the following calculations. 

Just recently, bending and tilt moduli, as well as structural parameters, have been 
determined with molecular dynamics (MD) simulations supported by SAXS, for two ternary 
mixtures showing phase separation. 72 By combining this information with our new 
curvature data, we calculate y = 1.4 pN for DOPC/DPPC/Chol and y = 1.6 pN for DOPC/ 
DSPC/Chol at given compositions. These values are in the typical range reported from 
either experiment or theory (see, e.g. ref. 73-76). Because of the positive curvature of DPPC, 
Jq values for both phases of DOPC/DPPC/Chol are close to zero, leading to vanishing 
contributions of "/jo to the line tension. For DOPC/DSPC/Chol, however, the L Q and L<j 
phases feature a negative Jq, leading to yjq = -1.8 pN, i.e. the line tension between the 
coexisting domains is decreased due to the contribution of Jq. 

The same theory has been applied to rationalize the transition from nanoscopic to 
microscopic domains, recently reported for the quaternary mixture DOPC/POPC/DSPC/ 
Choi. 77 Starting from nanometer sized domains in POPC/DSPC/Chol, replacing POPC with 
DOPC has lead to increasing domain sizes, and finally to domains in the micrometer regime 
for DOPC/DSPC/Chol. Parameterized by the ratio p = Xdopc/(Xdopc + XpopcX the original 
calculation of the line tension has explained this behavior; but apart from information on the 
bilayer thickness only estimated values for the parameters influencing y were available. By 
applying bending and tilt moduli from MD simulations, 72 spontaneous curvatures from the 
current work, and structural information from Heberle et al., 11 we were able to calculate the 
line tension for p = 1 and give improved estimations for p < 1 (Fig. 6). Because of 
compositional differences for domains between experiments and MD simulations, the 
present calculations still rely on considerable assumptions for p < 1. In general, the change 
of nanoscopic to microscopic domains is accompanied by an increase of line tension. This 
agrees well with our results of y ~ 0.5 pN for the nanoscopic regime, y ~ 2.5 pN for the 
microscopic regime, and intermediate in between. The contribution of spontaneous 
curvature to y stays nearly constant for all compositions, meaning that the transition from 
nanoscopic to microscopic domains is mainly driven by bilayer thickness differences in this 
case, in agreement with the conclusions of the original report. 77 
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5 Conclusions 

By evaluating synchrotron S AXS data of DOPE-rich lipid mixtures in the Htt phase, we 
were able to estimate monolayer spontaneous curvatures 7q f° r several biologically relevant 
phospholipids, cholesterol and egg sphingomyelin at temperatures ranging from 15 to 55 °C. 
Within experimental accuracy, our results are in good agreement with values from more 
indepth studies by other groups, conducted at room temperature on DOPE, DOPC, and 
cholesterol. 

Our measurements extend the /o-list of lipid species and add their temperature 
dependence. 31 These data will be useful for numerous applications in membrane biophysics. 

In the present work we discuss three examples: (i) the monolayer spontaneous curvatures of 
raft-like lipid mixtures, (ii) line tension of phases and (iii) evaluation of the line 
tension during a transition from nanoscopic to microscopic domains. For the studied 
mixtures of POPC/eggSM/Chol and DOPC/DSPC/Chol, J 0 of the L 0 phase was found to be 
more negative than that of the coexisting phase. DOPC/DPPC/Chol however shows a 
contrary behavior, with a more positively curved liquid ordered phase due to the positive Jq 
of DPPC. This would favor partitioning of barrel-shaped proteins into the L D phase. 
Regarding line tension, we found only significant contributions of Jq for coexisting domains 
in DOPC/DSPC/Chol. In DOPC/DPPC/Chol and also for the transition from nanoscopic to 
microscopic domains, y seems to be dominated by elastic moduli and thickness differences. 

Supplementary Material 

Refer to Web version on PubMed Central for supplementary material. 
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Fig. 2. Determination of Jq at 25 °C (crosses) and Jq at 45 °C (ellipses) by extrapolation 
of J 0 mix towards % = 100% . 

The insets show X-ray patterns for the last valid (top left) and the first immiscible DPPC 
data points (bottom right). 
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Fig. 3. Comparison between cholesterol spontaneous curvature from the literature (ref. 17 and 
29) and new data (circles). 

The straight line corresponds to linear fit. Literature data at 32 °C have been determined in a 
DOPC host matrix, and the other two in DOPE. 
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Fig. 4. Spontaneous curvature Jq (white contours and false-color) for three ternary mixtures 
within the phase diagrams taken from ref. 61-63. 

White segments are two-phase coexistence regions with tielines, gray triangles are three- 
phase coexistence regions, and gray stars are critical points (top row). The spontaneous 
curvature Jq is plotted for coexisting L 0 /L^ phases along the boundary of the fluid-fluid 
phase coexistence regime (bottom row) parameterized by u (see text). 
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Fig. 5. Barrel shaped transmembrane protein within a bilayer composed of lipids with negative 
(left) and positive (right) monolayer spontaneous curvatures. 

For the latter scenario, the protein shape reduces the packing frustration within the bilayer. 
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Fig. 6. Calculated line tension y between L 0 and L d domains in DOPC/POPC/DSPC/Chol. 

Uncertainties of all data points are comparable. 
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Table 1 

Parameters describing Jq(T) according to eqn (2) and (3) with 7™ = 35 °C, except (*) 
where T m = 37 C 



Lipid 


h m + A./n m (1 nm) 


k + Ak (10~ 3 /nm °C) 


DOPE 


-0.399 + 0.005 


-1.3 + 0.4 


POPE (*) 


-0.316 + 0.007 


-2.7 + 0.7 


Choi 


-0.494 + 0.013 


-3.5 + 0.9 


DOPC 


-0.091 + 0.008 


-1.1 + 0.6 


DPPC 


+0.068 + 0.032 


-3.5 + 2.3 


DSPC 


-0.100 + 0.044 


-0.2 + 3.4 


POPC 


-0.022 + 0.010 


-1.8 + 0.7 


SOPC 


-0.010 + 0.018 


-2.2+ 1.3 


eggSM 


-0.134 + 0.072 


+1.4 + 5.1 
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